Replication of positive-strand RNA viruses occurs through the assembly of membrane-associated viral RNA replication complexes that include viral replicase proteins, viral RNA templates, and host proteins. Red clover necrotic mosaic virus (RCNMV) is a positive-strand RNA plant virus with a genome consisting of RNA1 and RNA2. The two proteins encoded by RNA1, a 27-kDa protein (p27) and an 88-kDa protein containing an RNA-dependent RNA polymerase (RdRP) motif (p88), are essential for RCNMV RNA replication. To analyze RCNMV RNA replication complexes, we used blue-native polyacrylamide gel electrophoresis (BN/PAGE), which enabled us to analyze detergent-solubilized large membrane protein complexes. p27 and p88 formed a complex of 480 kDa in RCNMV-infected plants. As a result of sucrose gradient sedimentation, the 480-kDa complex cofractionated with both endogenous template-bound and exogenous template-dependent RdRP activities. The amount of the 480-kDa complex corresponded to the activity of exogenous template-dependent RdRP, which produced RNA fragments by specifically recognizing the 3-terminal core promoter sequences of RCNMV RNAs, but did not correspond to the activity of endogenous template-bound RdRP, which produced genome-sized RNAs without the addition of RNA templates. These results suggest that the 480-kDa complex contributes to template-dependent RdRP activities. We subjected those RdRP complexes to affinity purification and analyzed their components using two-dimensional BN/sodium dodecyl sulfate-PAGE (BN/SDS-PAGE) and mass spectrometry. The 480-kDa complex contained p27, p88, and possible host proteins, and the original affinity-purified RdRP preparation contained HSP70, HSP90, and several ribosomal proteins that were not detected in the 480-kDa complex. A model for the formation of RCNMV RNA replication complexes is proposed.
Positive-strand RNA viruses replicate their RNA on intracellular membranes (5) . One or more viral nonstructural proteins, including RNA-dependent RNA polymerase (RdRP) and accessory proteins, play essential roles in RNA replication as integral membrane proteins (13, 25, 28) or as peripheral membrane proteins (4, 6) . These viral nonstructural proteins interact with each other and with host proteins and viral RNA templates to form the membrane-associated viral RNA replication complexes. The membrane-associated RNA replication complexes of positive-strand RNA viruses have been isolated from the membrane fraction of virally infected tissues by the use of detergents (2, 11, 29, 32, 40, 49, 50) . The purified fractions contain viral and host proteins and retain two types of RdRP activities. One is an endogenous template-bound RdRP activity that synthesizes virus-related RNAs without adding RNA templates. The other is an exogenous template-dependent RdRP activity capable of de novo initiation of cRNA synthesis from selected RNA templates. Although there has been intensive work performed on viral RdRP complexes, their organizations, properties, and functions have not been fully characterized.
Red clover necrotic mosaic virus (RCNMV) is a positivestrand RNA plant virus and a member of the genus Dianthovirus in the family Tombusviridae. The genome of RCNMV consists of two RNA components, RNA1 and RNA2. RNA1 encodes N-teminally overlapping nonstructural proteins, a 27-kDa protein (p27) and an 88-kDa protein containing an RdRP motif (p88) (19, 53) . The p88 region is translated via programmed Ϫ1-position ribosomal frameshifting (17, 52) , and p88 protein is preferentially required in cis for the replication of RNA1 (30) . Both p27 and p88 are required for RCNMV replication, which is strongly linked to RNA silencing suppression (42) . RNA1 also encodes a coat protein (CP), which is translated from subgenomic RNA (sgRNA) (55) . RNA2 encodes a movement protein (MP) required for viral movement in plants (51) . Although RNA2 is not required for RNA1 replication in protoplasts, a stem-loop structure located in the MP-coding region of RNA2 is necessary for transcription of CP subgenomic RNA from RNA1 (31, 41, 43) .
RNA1 and RNA2 have no cap structure at the 5Ј end (27) and no poly(A) tail at the 3Ј end (24, 53) . Instead, there is a cis-acting RNA element that functions as a translational enhancer in the 3Ј untranslated region (UTR) of RNA1 (27) .
Recently, a small RNA fragment (SR1f) was found to be generated from the 3Ј UTR of RNA1 and to function as a negative regulator against both cap-independent and cap-dependent translation (15) . In contrast to the translation mechanism of RNA1, RNA2 has no such translational enhancer. A strong link between cap-independent translation and replication of RNA2 suggests that only de novo-synthesized RNA2 can function as an mRNA template for translation (26) . Both p27 and p88 are to be found in a partially purified RdRP fraction extracted from RCNMV-infected tissue (2) , and green fluorescence protein (GFP)-fused p27 and p88 localize to the endoplasmic reticulum (ER) (44) . These findings suggest that ER-localized p27 and p88 function coordinately in RCNMV RNA replication.
In this study, to obtain insights into the formation of RCNMV RNA replication complexes on the ER membrane and their organization, we used immunoprecipitation to analyze the interactions between replicase proteins and blue-native polyacrylamide gel electrophoresis (BN/PAGE) to analyze the replication complexes. BN/PAGE has been used in combination with detergents to investigate the properties and components of large membrane-associated protein complexes (8) . We show that the RCNMV p27 and p88 replicase proteins form a tightly membrane-associated protein complex with an apparent molecular mass of 480 kDa and that this complex is associated with a template-dependent RdRP that synthesizes RNA fragments from RCNMV RNAs by recognizing their 3Ј-terminal core promoter sequences. Further, using mass spectrometry, we identified possible host proteins present in the RCNMV RdRP complexes, including the 480-kDa complex. Our results suggest that the 480-kDa complex, together with several host proteins, plays an essential role in the synthesis of RCNMV RNA.
MATERIALS AND METHODS
Plasmid construction. Previously described plasmids given the prefix "pBIC" were used for Agrobacterium infiltration, and plasmids with the prefix "pUC," "pRC," or "pBYL" were used for in vitro transcription. The plasmids included pBIC18 (42) , pBICGFP (42) , pBICdsGFP (42) , pBICRC1 (42) , pBICRC2 (42), pBICp27 (42) , pBICp88 (42), pSP64-RLUC (27) , and pLUCpA60 (27) . pUCR1 (42) and pRC2ԽG (54) were full-length cDNA clones of RNA1 and RNA2 of the Australian strain of RCNMV, respectively. The plasmid p3Ј-8, which contains a 60-nt poly(A) tract, was a gift from K. A. White. pUC118 was purchased from Takara Bio Inc. (Shiga, Japan). All plasmids constructed in this study were verified by sequencing.
(i) pBICp27-HA. Two DNA fragments were amplified from pBICp27 by PCR using two sets of primers, primer pair p35S-HSR (5Ј-GGTGGTAAGCTTCCC GGGAACATGGTGGAGCACGAC-3Ј) and p27C-HA-L (5Ј-CCATACGATG TTCCAGATTACGCTTAGCGCTGAAATCACCAGTC-3Ј) and primer pair TCa-KpnL (5Ј-GGTGGTGGTACCTATAGGGACTTTAGGTGATC-3Ј) and p27C-HA-R (5Ј-CCATACGATGTTCCAGATTACGCTTAGCGCTGAAATC ACCAGTC-3Ј). A recombinant PCR product was then amplified from the mixture of these two fragments by the use of the p35S-HSR and TCa-KpnL primers, digested with SmaI and KpnI restriction enzymes, and inserted into the corresponding region of pBIC18.
(ii) pBICp27-iHA. A PCR fragment from pBICdsGFP was amplified using TOM1/int8R (5Ј-GTACTTAGATTCATATATCTG-3Ј) and TOM1/int8L (5Ј-C TGCAATGAAAAGAGACGA-3Ј). Two PCR fragments from pBICp27-HA were then amplified using two sets of primers, primer pair p35S-HSR and p27-HA/int-L (5Ј-CATACAGATATATGAATCTAAGTACATCGTATGGGT AAAAATCC-3Ј) and primer pair p27-HA/int-R (5Ј-AATATTCGTCTCTTTT CATTGCAGGTTCCAGATTACGCTTAGC-3Ј) and BICEco (5Ј-TGCGCAA CTGTTGGGAA-3Ј). Then, a recombinant PCR product was amplified from the mixture of these three fragments by the use of p35S-HSR and BICEco, digested with EcoRI, and inserted into the corresponding region of pBICp27-HA.
(iii) pBICp27-iFTH. A PCR fragment from pBICdsGFP was amplified using FLAG/int-R (5Ј-GATTACAAGGTACTTAGATTCATATATCTG-3Ј) and FLAG/int/TEV-L (5Ј-ACCAGCATCAACAGTTCCAGATTGGAAGTAAA GGTTTTCCTTGTCATCGTCGTCCTGCAATGAAAAGAGACG-3Ј). Two PCR fragments from pBICp27-HA were amplified using two sets of primers, primer pair p35S-HSR and p27-FLAG/int-L (5Ј-ATATGAATCTAAGTACCT TGTAATCAAAATCCTCAAGGGATTTGA-3Ј) and primer pair TEV/HA-R (5Ј-ATCTGGAACTGTTGATGCTGGTTACCCATACGATGTTCCA-3Ј) and BICEco. Then, a recombinant PCR product was amplified from the mixture of these three fragments by the use of p35S-HSR and BICEco, digested with EcoRI, and inserted into the corresponding region of pBICp27-HA.
(iv) pBICp27-iFLAG. Two PCR fragments from pBICp27-iFTH were amplified using two sets of primers, primer pair p35S-HSR and FLAG/int-L (5Ј-TTCAGCGCTACTTGTCATCGTCGTCCTGCAA-3Ј) and primer pair FLAG/TCa-R FLAG/TCa-R (5Ј-CGATGACAAGTAGCGCTGAAATCAC CAGTCT-3Ј) and BICEco. Then, a recombinant PCR product was amplified from the mixture of these two fragments by the use of p35S-HSR and BICEco. The amplified DNA was digested with EcoRI and inserted into the corresponding region of pBICp27-HA.
(v) pBICp88-T7. Two PCR fragments from pBICp27 were amplified using two sets of primers, primer pair p35S-HSR and p88C-T7-30BL (5Ј-GACCTCCAG TCATAGAAGCCATTCGGGCTTTGATTAGATCTTTCTTGTACACCTCT TCAC-3Ј) and primer pair p88C-T7-R (5Ј-TGGCTTCTATGACTGGAGGTC AACAAATGGGATAACGCTGAAATCACCAGTCT-3Ј) and TCa-SacL (5Ј-G GTGGTGAGCTCTATAGGGACTTTAGGTGATC-3Ј). Then, a recombinant PCR product was amplified from the mixture of these two fragments by the use of p35S-HSR and TCa-SacL. The amplified DNA was digested with SmaI and SacI and subsequently cloned into pBIC18 that had been previously with the same restriction enzymes. The small SalI-BglII fragment of the resulting plasmid was replaced by the small SalI-BglII fragment of pBICp88.
(vi) pBICp88-iT7. A PCR fragment from pBICdsGFP was amplified using TOM1/int8R and TOM1/int8L, and two PCR fragments from pBICp88-T7 were amplified using two sets of primers, primer pair p88-167R (5Ј-AGTGCGAGCT TCGTTGG-3Ј) and p88-T7/int-L (5Ј-CATACAGATATATGAATCTAAGTAC CTGTCATAGAAGCCATTCGG-3Ј) and primer pair p88-T7/int-R (5Ј-AATA TTCGTCTCTTTTCATTGCAGGTGGTCAACAAATGGGATAAC-3Ј) and BICEco. Then, a recombinant PCR product was amplified from the mixture of these three fragments by the use of p88-167R and BICEco, digested with XhoI and SacI, and inserted into the corresponding region of pBICp88-T7.
(vii) pBYL2. An AscI linker (5Ј-AGCTGGCGCGCC-3Ј) was treated with T4 polynucleotide kinase (New England Biolabs, Ipswich, MA) followed by annealing. The annealed linker was inserted into p3Ј-8, which had been digested with HindIII, to obtain pBYL-A. A similar strategy was used to insert a NotI linker (5Ј-AATTGCGGCCGC-3Ј) into EcoRI-digested pBYL-A to obtain pBYL-AN. pBYL-AN was digested with PshBI and treated with T4 DNA polymerase (New England Biolabs). The resulting DNA fragment was inserted into SmaI-digested pUC118. The resulting plasmid, pBYL2, contained the T7 promoter sequence, an AscI site, a 60-nucleotide (60-nt) poly(A) tract, and a NotI site in the direction opposite to that of the lacZ open reading frame (ORF).
(viii) pBYLp27. A PCR fragment from pUCR1 was amplified using AscIp27-F (5Ј-AGCTGGCGCGCCATGGGTTTTATAAATCTTTC-3Ј) and p27/ end-AscI-R (5Ј-AGCTGGCGCGCCGCCTAAAAATCCTCAAGG-3Ј), digested with AscI, and inserted into AscI-digested pBYL2.
(ix) pBYLp88. A PCR fragment from pUCR1-p88 was amplified using AscIp27-F and p88/end-AscI-R (5Ј-AGCTGGCGCGCCTTTATCGGGCTTTGA-3Ј), digested with AscI, and inserted into AscI-digested pBYL2.
Agrobacterium infiltration. Nicotiana benthamiana plants and Agrobacterium tumefaciens GV3101 (pMP90) were used for infiltration experiments as previously described (42) . A. tumefaciens transformed by pBICp27-iFLAG, pBICp27-iHA. and pBICp88-iT7 was used for expression of p27-FLAG, p27-HA, and p88-T7, respectively.
Coimmunoprecipitation analysis. Agrobacterium-infiltrated leaves at 2 days post infiltration (dpi) were ground in liquid nitrogen and homogenized in three volumes of extraction buffer A (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5% glycerol, 0.5% Triton X-100, Complete Mini protease inhibitor cocktail [Roche Diagnostics, Penzberg, Germany]), followed by centrifugation at 21,000 ϫ g for 10 min at 4°C to remove cell debris. The supernatant (1 ml) was incubated with a 25-l bed volume of protein A Sepharose (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) together with anti-FLAG M2 monoclonal antibody (Sigma-Aldrich, St. Louis, MO) or antihemagglutinin (anti-HA) monoclonal antibody (12CA5; Roche) or anti-T7 monoclonal antibody (Merck, Darmstadt, Germany) for 4 h at 4°C. The resin was washed three times with 1 ml of washing buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5% glycerol, 0.1% VOL. 84, 2010 CHARACTERIZATION OF VIRAL RDRP COMPLEXES 6071
Triton X-100). The bound proteins were eluted by the addition of Laemmli sample buffer (22) , followed by incubation for 3 min at 95°C. The protein samples were subjected to sodium dodecyl sulfate-PAGE (SDS-PAGE) and then analyzed by Western blotting with antibodies specific to respective epitope tags. In vitro transcription. Plasmids containing the prefix "pUC" or "pRC" were digested with SmaI, from which RNA transcripts were synthesized. RNA transcripts from pUCR1-p27fs (15), pUCR1-p27 (42), pUCR1-p88 (42), pUCR1-d3ЈSLF (14) , and pRC2-d3ЈSLF with the same mutation as pRC2-6 (45) are referred to herein as RNA1-p27fs, RNA1-p27, RNA1-p88, RNA1-dSLF, and RNA2-dSLF, respectively. p27 and p88 mRNAs were synthesized from NotIlinearized pBYLp27 and pBYLp88. Luc mRNA and RLuc mRNA were synthesized from EcoRI-linearized pLUCpA60 and pSP64-RLUC, respectively. Brome mosaic virus (BMV) RNAs were synthesized from EcoRI-linearized pB1TP3, pB2TP5, and pB3TP8 (16) , and Tomato mosaic virus (ToMV) RNA was synthesized from EcoRI-linearized pToMV. Capped transcripts were prepared as previously described (14, 15) .
BN/PAGE analysis. Agrobacterium-infiltrated leaves at 2 dpi were ground in liquid nitrogen and homogenized in three volumes of extraction buffer B (50 mM Tris-HCl [pH 7.4], 10 mM KCl, 15 mM MgCl 2 , 0.1% 2-mercaptoethanol, 20% glycerol, Complete Mini protease inhibitor cocktail [Roche]), followed by centrifugation at 800 ϫ g for 30 min at 4°C to remove cell debris. The supernatant was centrifuged at 21,000 ϫ g for 30 min at 4°C to obtain the membrane fraction (P20).
Membrane fractions were also prepared from evacuolated tobacco BY-2 protoplast lysate (BYL). Capped RNA1 or its derivatives (500 ng) were added to 50 l of BYL translation and replication mixture. Alternatively, capped p27 mRNA (500 ng) or capped p88 mRNA (500 ng) was singly added to BYL. Capped p27 and p88 mRNAs were also added to 50 l of BYL in the absence or presence of RNA2 (500 ng) or in the presence of Luc or Rluc mRNAs with or without a cap structure. After incubation for 120 min, BYL was centrifuged at 21,000 ϫ g for 30 min at 4°C to obtain the P20 pellet.
The P20 pellets were suspended in BN/PAGE sample buffer (50 mM Bis-TrisHCl [pH 7.2], 50 mM NaCl, 10% glycerol, 0.001% Ponceau S, 0.5% Triton X-100) and incubated on ice for 30 min. The solubilized solution was clarified by centrifugation at 21,000 ϫ g for 10 min at 4°C. Native PAGE (5%) G-250 sample additive (Invitrogen, Carlsbad, CA) was added at a final concentration of 0.125% to the solubilized solution before BN/PAGE. The protein samples were subjected to BN/PAGE using a NativePAGE Novex Bis-Tris gel system (Invitrogen) according to the manufacturer's instructions and then analyzed by Western blotting with appropriate antibodies.
Chemical treatment of membranes. The P20 pellet extracted from Agrobacterium-infiltrated leaves was resuspended in high-salt extraction buffer (50 mM Tris-HCl [pH 7.4], 15 mM MgCl 2, 1 M KCl, 0.1% 2-mercaptoethanol), alkaline extraction buffer (0.1 M Na 2 CO 3 [pH 10.5]), or urea extraction buffer (25 mM HEPES-KOH [pH 6.8], 4 M urea). The samples were incubated on ice for 30 min with occasional mixing and centrifuged at 21,000 ϫ g for 30 min at 4°C to obtain the supernatant and the pellet fractions. Both fractions were subjected to SDS-PAGE, followed by Western blotting with appropriate antibodies. Alternatively, the pellet fractions were resuspended in BN/PAGE sample buffer and subjected to BN/PAGE followed by Western blotting.
Sucrose gradient sedimentation analysis. The P20 pellets extracted from 0.8-g aliquots of Agrobacterium-infiltrated leaves were resuspended in 800 l of resuspension buffer (50 mM Tris-HCl [pH 8.0], 10 mM MgCl 2 , 1 mM dithiothreitol [DTT], 0.5% Triton X-100, Complete Mini protease inhibitor cocktail), incubated for 30 min at 4°C, and centrifuged at 21,000 ϫ g for 10 min at 4°C. The supernatant was loaded onto 8.8-ml lots of 5 to 40% continuous sucrose gradients and centrifuged at 170,000 ϫ g for 16 h at 4°C. Fractions of 800 l each were collected and analyzed by Western blotting after SDS-PAGE or BN/PAGE. The RdRP activity of each fraction was assayed as described below.
Affinity purification of RCNMV RdRP complexes. The P20 pellet extracted from 1 g of Agrobacterium-infiltrated leaves was resuspended in 1 ml of resuspension buffer, incubated for 30 min at 4°C, and centrifuged at 21,000 ϫ g for 10 min at 4°C. Then, the supernatant was incubated with a 50-l bed volume of anti-FLAG M2-agarose affinity gel (Sigma-Aldrich) with gentle rotation at 4°C for 1 h. The resin was washed three times with 1 ml of resuspension buffer supplemented with 500 mM NaCl and washed once with 1 ml of resuspension buffer. The bound proteins were eluted in 250 l of resuspension buffer containing 150 g/ml 3ϫ FLAG peptide (Sigma-Aldrich). The eluates were subjected to BN/PAGE and SDS-PAGE, followed by Western blotting with appropriate antibodies. If required, micrococcal nuclease (MNase) was added in the presence of 2 mM CaCl 2 to remove endogenous RNAs. EGTA was added at a 5 mM final concentration to inactivate the MNase. The RdRP activity of the eluates was assayed as described below.
For two-dimensional BN-SDS-PAGE analysis, strips from the first-dimensional BN/PAGE were excised and incubated in denaturing buffer (62.5 mM Tris-HCl [pH 6.8], 1% SDS, 1% 2-mercaptoethanol) for 5 min at 50°C. The strips were layered onto SDS-PAGE gels and electrophoresed. The separated proteins were analyzed by Western blotting with appropriate antibodies.
RdRP assay. RdRP reactions were performed by adding 5ϫ RdRP buffer ( RNA templates were added at the final concentration of 20 ng/l. Reaction mixtures were incubated at 25°C for 1 h. The RdRP products were isolated by phenol-chloroform extraction and ethanol precipitation. When required, the RdRP products were resuspended in 50 l of buffer (30 mM NaOAc, 280 mM NaCl, 1 mM ZnSO 4 , 1 U/l S1 nuclease). These samples were incubated for 30 min at 37°C, extracted with phenol-chloroform, and precipitated with ethanol. All RdRP products were loaded onto denaturing agarose gels containing formaldehyde. Gels were dried and exposed to an imaging plate. Radioactive signals were detected using a FLA-5100 imaging system (Fujifilm, Tokyo, Japan).
Western blot analysis. Western blot analysis was performed essentially as previously described (42) . Protein samples were analyzed on 10% SDS-PAGE gels or on 4 to 16% BN/PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-P; Millipore, Bedford, MA). Anti-FLAG M2 monoclonal antibody, anti-HA monoclonal antibody (3F10, Roche), anti-T7 monoclonal antibody, anti-p27 antisera (42) , and anti-ER-localized luminal binding protein (BiP) antibody (9) were used as the primary antibodies. Alkaline phosphatase (AP)-conjugated anti-rabbit IgG antibody (Cell Signaling Technology, Beverley, MA), AP-conjugated anti-mouse IgG antibody (KPL, Gaithersburg, MD), and AP-conjugated anti-rat IgG antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were used as secondary antibodies. The signals were visualized with CDP-star (Roche) and detected using a luminescent-image analyzer (LAS 1000 plus; Fujifilm).
Mass spectrometry. The affinity-purified RdRP preparation and its control preparation were subjected to SDS-PAGE and BN/PAGE. After visualization of protein bands on the gels with a silver staining kit (Wako, Osaka, Japan), protein bands of interest detected using SDS-PAGE and a protein band corresponding to the 480-kDa complex on BN/PAGE were excised and subjected to in-gel digestion with trypsin. The resulting peptides were extracted from the gels and subjected to liquid chromatography-tandem mass spectrometry (LC/MS/MS) analysis. Protein bands in control lanes of the same size as those in sample lanes were also analyzed by LC/MS/MS to identify proteins specifically present in the affinity-purified RdRP preparation. Peak lists obtained from the MS/MS spectra and the Mascot search engine (Matrix Science, London, United Kingdom) were used to identify proteins.
RESULTS
p27 interacts with both p27 and p88. The coexistence of p27 and p88 in the purified RdRP fraction from RCNMV-infected tissue (2) suggests that the formation of functional RCNMV RNA replication complexes requires interactions between p27 and p88. To address this issue, we analyzed interactions between RCNMV replicase proteins by coimmunoprecipitation using C-terminally hemagglutinin (HA)-tagged p27 (p27-HA), C-terminally FLAG-tagged p27 (p27-FLAG), and C-terminally T7-tagged p88 (p88-T7). These epitope-tagged replicase proteins were functional: Agrobacterium-mediated expression of these proteins in appropriate combinations supported the accumulation of positive-and negative-strand RNA2 in coinfiltrated N. benthamiana leaves at levels comparable to those seen with wild-type p27 and p88 (data not shown).
First, we tested whether p27 interacts with itself. p27-HA and p27-FLAG were coexpressed in N. benthamiana by Agrobacterium-mediated expression, and clarified leaf extracts were used for immunoprecipitation analysis. The anti-FLAG antibody copurified p27-HA together with p27-FLAG, and the anti-HA antibody copurified p27-FLAG together with p27-HA (Fig.  1A, lane 1) . When p27-HA or p27-FLAG was expressed singly, these proteins were not detected after immunoprecipitation with anti-FLAG or anti-HA antibodies, respectively (Fig. 1A,  lanes 2 and 3) . These results indicate that p27 interacts with itself.
Next, to test whether p27 interacts with p88, we expressed p27-FLAG and p88-T7 in the presence and absence of RNA2. In the presence of RNA2, p27-FLAG copurified p88-T7 and vice versa (Fig. 1B, lane 1) . p27-FLAG and p88-T7 were not immunoprecipitated with the anti-T7 and anti-FLAG antibodies, respectively (Fig. 1B, lanes 2 and 3) , ruling out nonspecific copurification. These results indicate that p27 interacts with p88 in vivo. In the absence of RNA2, we failed to detect p88-T7 in the total fraction and even in the affinity-purified fraction (data not shown). These results suggest that replication of RNA2 is required for p88 to accumulate to a level sufficient for analysis of the p27-p88 interaction in vivo.
RCNMV replicase proteins form two types of complexes of different sizes. Interactions between RCNMV replicase proteins ( Fig. 1) and their localization to the ER (44) suggested that p27 and p88 might form replication complexes on the ER membrane. To characterize these formations, we performed BN/PAGE analysis. RNA1 alone and RNA1 plus RNA2 were expressed in N. benthamiana by Agrobacterium-mediated expression. The membrane fraction prepared from Agrobacterium-infiltrated leaves was solubilized with Triton X-100 and subjected to BN/PAGE, followed by Western blotting with anti-p27 antisera. Two specific bands of about 380 kDa and about 480 kDa were detected ( Fig. 2A, lanes 2 and 3) . Western blot analysis of the same samples after SDS-PAGE confirmed the accumulation of both p27 and p88 in these leaves ( Fig. 2A) . These results suggest that RCNMV replicase proteins form two differently sized complexes in infected plants.
To investigate these complexes in more detail, we expressed p27-FLAG, p88-T7, and RNA2 in various combinations in N. benthamiana. Protein complexes were separated by BN/PAGE and probed with an anti-FLAG antibody. Western blot analysis showed that the 380-kDa complex accumulated in leaves expressing p27-FLAG alone (Fig. 2B, lane 2) . RNA2 did not affect the accumulated level of the 380-kDa complex (Fig. 2B,  lane 5) . These results indicate that p27 forms the 380-kDa complex in the absence of p88 and RCNMV RNAs. Expression of p27-FLAG plus p88-T7 resulted in the accumulation of the 380-kDa but not the 480-kDa complex (Fig. 2B, lane 4) . Neither the 380-kDa nor the 480-kDa complex was detected in leaves expressing p88-T7 or p88-T7 plus RNA2 (Fig. 2B, lanes  3 and 6) . Interestingly, the 480-kDa complex accumulated predominantly in leaves expressing p27-FLAG together with p88-T7 and RNA2 (Fig. 2B, lane 7) . Neither the 380-kDa nor the 480-kDa complex was detected with an anti-T7 antibody (data not shown). Western blot analysis with an anti-T7 antibody after SDS-PAGE demonstrated that p88-T7 was detected only in the presence of p27-FLAG and RNA2 (Fig. 2B, lane 7) , suggesting that p88 is unstable in the absence of p27 and viral RNAs in vivo. Together, these results indicate that both the 380-kDa and 480-kDa complexes contain p27 and suggest that the formation of the 480-kDa complex requires three viral components: p27, p88, and viral RNAs.
The formation of the 480-kDa complex does not require negative-strand RNA synthesis in vitro. It remained to be determined whether the accumulation of p88 or viral RNA replication is responsible for the formation of the 480-kDa complex. To address this issue, we analyzed protein complexes formed in a BYL in vitro translation-replication system. This has previously been used successfully to analyze the translation and replication mechanisms of plant RNA viruses, including RCNMV (14, 18, 27) . RNA1 mutants expressing p27 or p88 alone, or no functional protein, and an RNA1 mutant expressing both p27 and p88 but lacking a 3Ј-terminal stem-loop structure were incubated in BYL. Protein samples prepared from the membrane fractions of BYL were subjected to BN/ FIG. 1. Interaction of p27 with both p27 and p88. (A) Coimmunoprecipitation analysis of the interaction between p27-HA and p27-FLAG. Protein extracts from Agrobacterium-infiltrated leaves expressing viral proteins were subjected to immunoprecipitation with anti-HA antibody (IP:␣HA) or anti-FLAG antibody (IP:␣FLAG), followed by Western blotting using anti-HA antibody (WB:␣HA) and anti-FLAG antibody (WB:␣FLAG). (B) Coimmunoprecipitation analysis of the interaction between p27-FLAG and p88-T7. Protein extracts from Agrobacterium-infiltrated leaves expressing viral proteins and RNA2 were subjected to immunoprecipitation with anti-FLAG antibody (IP:␣FLAG) or anti-T7 antibody (IP:␣T7), followed by Western blotting using anti-FLAG antibody (WB:␣FLAG) and anti-T7 antibody (WB:␣T7).
VOL. 84, 2010
CHARACTERIZATION OF VIRAL RDRP COMPLEXES 6073
on July 31, 2017 by guest http://jvi.asm.org/ PAGE and analyzed by Western blotting with anti-p27 antisera. Accumulation of the 380-kDa but not the 480-kDa complex was detected after incubation with RNA1-p27, which expresses only p27, confirming the results of in vivo BN/PAGE (Fig. 2C, lane 2) . After incubation with RNA1-p88, which expresses only p88, a huge (ϳ720 kDa) complex was detected. SDS-PAGE and Western blot analysis showed a stable accumulation of p88 (Fig. 2C, lane 3) , suggesting that overexpression of p88 might have been responsible for its aggregation. As expected, both the 380-kDa and 480-kDa complexes were detected in incubation with wild-type RNA1 (Fig. 2C, lane 4) . Interestingly, these complexes were also detected in incubation with RNA1-dSLF (Fig. 2C, lane 5) , which lacks the 3Ј-terminal stem-loop structure required for negative-strand RNA synthesis of RNA1 (14) . These results suggest that formation of the 480-kDa complex requires both p27 and p88 in the presence of RNA1 but does not require the initiation of negative-strand RNA synthesis.
FIG. 2. RCNMV replicase proteins form two different patterns of high-molecular-mass complexes. Membrane fractions were prepared from Agrobacterium-infiltrated leaves expressing RCNMV RNAs (A), from Agrobacterium-infiltrated leaves expressing various combinations of p27-FLAG, p88-T7, and RNA2 (B), from BYL incubated with RNA1 derivatives (C), or from BYL incubated with various combinations of p27 mRNA, p88 mRNA, RNA2, RAN2-dSLF, or uncapped or capped Luc and RLuc mRNAs (D). All membrane fractions were solubilized with Triton X-100 and subjected to BN/PAGE (upper panel) and SDS-PAGE (lower panel). Western blots for BN/PAGE and SDS-PAGE were performed using appropriate antibodies. Coomassie brilliant blue (CBB)-stained cellular proteins on SDS-PAGE gels are shown below the Western blots as a loading control (Prot).
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To further investigate the viral RNA elements required for the accumulation of the 480-kDa complex, we expressed p27 and p88 from capped mRNAs with poly(A) in BYL. The 480-kDa complex accumulated in BYL when p27 and p88 were expressed from these capped mRNAs, even in the absence of RNA2 (Fig. 2D, lane 4) . This confirmed the lack of a requirement for negative-strand RNA synthesis for accumulation of the 480-kDa complex. It is possible that viral RNA elements in the ORFs of p27 and p88 play roles in the formation of the 480-kDa complex. Interestingly, the accumulated level of the 480-kDa complex was enhanced by adding either RNA2 or RNA2-dSLF in BYL but not by adding nonviral Luc or RLuc mRNAs with or without a cap structure (Fig. 2D) . These results suggest that viral nucleotide sequences other than the 3Ј-terminal conserved sequences of RNA2 are involved in forming the 480-kDa complex.
Both the 380-kDa and 480-kDa complexes tightly associate with membranes. To investigate the nature of the association of p27 and p88 with ER, the membrane fraction prepared from Agrobacterium-infiltrated leaves expressing RNA1 plus RNA2 was treated with agents that were expected to remove proteins weakly or peripherally associated with the membrane. The ER-localized luminal binding protein (BiP) was used as a control. After treatments with the agents, the membrane fractions were collected by centrifugation and analyzed by Western blotting with anti-p27 antisera or anti-BiP antibody. As shown in Fig. 3A , the association of BiP with ER was not affected by treatment with 1 M KCl but was affected by treatment with 0.1 M Na 2 CO 3 (pH 10.5) or 4 M urea. In contrast, neither treatment significantly affected the association of p27 and p88 with ER. Furthermore, the 380-kDa and the 480-kDa complexes were detected in Triton X-100-solubilized membranes after these treatments (Fig. 3B) . Together, these results suggest that p27 and p88 tightly associate with the ER as the 380-kDa and 480-kDa complexes.
The 480-kDa complex cofractionates with both endogenous template-bound and exogenous template-dependent RdRP activities. The membrane fraction extracted from Agrobacteriuminfiltrated leaves expressing RNA1 plus RNA2 were treated with Triton X-100 and centrifuged to obtain a solubilized fraction. The RdRP activity of the fraction was assayed in the presence or absence of added RNA templates. Two labeled products corresponding to RNA1 and RNA2 in size were detected in the absence of added RNA templates (Fig. 4, lane 2) . Addition of RNA templates increased incorporation of 32 P into these products, which were resistant to S1 nuclease (Fig. 4,  lanes 4 and 6) . These products were not detected in the Triton X-100-solubilized fraction prepared from leaves infiltrated with an Agrobacterium strain carrying an empty vector (Fig. 4,  lanes 1, 3, and 5 ). These results suggest that this solubilized fraction prepared from Agrobacterium-infiltrated leaves expressing RNA1 plus RNA2 contains both an endogenous template-bound RdRP and an exogenous template-dependent RdRP.
To further characterize the RCNMV RNA replication complexes, a Triton X-100-solubilized fraction prepared from Agrobacterium-infiltrated leaves expressing RNA1 plus RNA2 was subjected to 5 to 40% continuous sucrose gradient centrifugation. Aliquots of 12 fractions were analyzed by Western blotting with anti-p27 antisera after SDS-PAGE or BN/ 2) and with RCNMV RNA1 and -2 (lanes 3 to 6). The RdRP products represented in lanes 5 and 6 were treated with S1 nuclease.
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CHARACTERIZATION OF VIRAL RDRP COMPLEXES 6075 PAGE, and the RdRP activity of each fraction was assayed in the presence or absence of RCNMV RNAs. After BN/PAGE, the 380-kDa complex and the 480-kDa complex were detected mainly in fractions 5 and 6 and in fractions 6 to 8, respectively, whereas the faint band of the 480-kDa complex was detected in fractions 5 and 9 to 12 (Fig. 5A) . SDS-PAGE analysis showed that the p88 component was mainly detected in fractions 6 to 8 and that its accumulating levels paralleled those of the 480-kDa complex. Both exogenous template-dependent RdRP activities (Fig. 5C , lanes 6 to 12) and endogenous templatebound RdRP activities (Fig. 5D , lanes 7 to 10) cofractionated with the 480-kDa complexes (Fig. 5) . The accumulating levels of the 480-kDa complex were found to be more nearly parallel with template-dependent RdRP activities than with endogenous template-bound RdRP activities. Fraction 6 exibited only template-dependent RdRP activity but no detectable endogenous template-bound RdRP activity ( Fig. 5C and D, lanes 6 ). The labeled RNA products of endogenous template-bound RdRP were full-length RNAs, whereas the products of template-dependent RdRP were RNA fragments. Interestingly, the products of endogenous template-bound RdRP in the lower-density fractions corresponded to RNA2 in size (Fig. 5D , lanes 7 to 9) and those in higher density fractions corresponded to RNA1 (Fig. 5D, lanes 9 and 10) . This could reflect the differences in size between RNA1 (3890 nt) and RNA2 (1448 nt). No RdRP activity was detected in fraction 5 ( Fig. 5C and D, lanes 5), suggesting that the 380-kDa complex retained no RdRP activity. Together, these results suggest that the 480-kDa complexes contain both p27 and p88 and contribute to exogenous template-dependent RdRP activities.
To characterize the template-dependent RdRP activity of the 480-kDa complexes, fraction 6 of the sucrose gradients was used to assess the template specificity of the complex. The templates used were RCNMV RNAs (RNA1, RNA2, RNA1 plus RNA2, and RNA1-dSLF plus RNA2-dSLF) and the genomic RNAs of BMV and ToMV. Both RCNMV RNA1 and RNA2 served as efficient templates in producing S1 nuclease-resistant RNA fragments (Fig. 6, lanes 2 and 4 , and data not shown). RNA1-dSLF and RNA2-dSLF, which lack the 3Ј-terminal stem-loop structure required for negative-strand synthesis (14, 45) , did not serve as efficient templates (Fig. 6,  lane 5) . No detectable RNA synthesis was observed with the BMV or ToMV RNAs (Fig. 6, lanes 6 and 7) . These results suggest that the 480-kDa complex specifically recognizes the 3Ј-terminal core promoter sequences of RCNMV genomic RNAs to synthesize viral RNA fragments.
Identification of the components of the 480-kDa complex. To further investigate the characteristics and protein components of the 480-kDa complexes, the Triton X-100-solubilized fraction prepared from Agrobacterium-infiltrated leaves expressing p27-FLAG together with p88-T7 and RNA2 was subjected to FLAG tag-based affinity purification as described in Materials and Methods. The affinity-purified fraction contained p27-FLAG, p88-T7, and both the 380-kDa and the 480-kDa complexes (Fig. 7A ). This affinity-purified fraction also showed an endogenous template-bound RdRP activity for synthesizing an RNA corresponding to RNA2 in size (Fig. 7B , lane 3) and template-dependent RdRP activity on RCNMV RNAs, as observed in fractions 6 to 12 of the sucrose gradients (Fig. 5) . These results suggest that the 480-kDa complex purified with FLAG tag contributes to both endogenous template-bound RdRP activity and exogenous template-dependent RdRP activity to synthesize RNA fragments from RCNMV RNA templates. To confirm the presence of both p27 and p88 in the 480-kDa complexes, we carried out two-dimensional BN/SDS-PAGE analyses using the affinity-purified fraction. After electrophoresis, the separated proteins were blotted onto membranes and probed with anti-T7 or anti-FLAG antibodies. Spots corresponding to p88-T7 and p27-FLAG in size were detected by the anti-T7 and anti-FLAG antibodies, respectively, along the vertical line below the position of the 480-kDa complexes in BN/PAGE (Fig. 7C ). This result indicates that both p27 and p88 are present in the 480-kDa complex.
Next, to identify host proteins included in the 480-kDa complexes, we prepared the affinity-purified 480-kDa complex from solubilized membrane fractions extracted from Agrobacterium-infiltrated N. benthamiana leaves expressing p27-FLAG together with RNA1-p88 and RNA2. We chose this combination because replication of both RNA1 and RNA2 reflects RCNMV replication in nature and because only RNA1-from which p88 is translated-can be an efficient template for viral RNA replication in the presence of p27. As a control, we prepared similar preparations from solubilized membrane fractions extracted from Agrobacterium-infiltrated leaves expressing p27 together with RNA1-p88 and RNA2. The affinitypurified RCNMV RdRP preparation retained the activity to produce RNA1-and RNA2-sized products without adding RNA templates and the ability to produce RNA fragments when we added RCNMV RNAs (data not shown).
LC/MS/MS analysis of a band corresponding to the affinitypurified 480-kDa complex on BN/PAGE identified RCNMV p27 and p88 replicase proteins, ATP synthase alpha and beta subunits, harpin-induced protein 1 (Hin1)-like protein, and ubiquitin (Fig. 8A) . This result suggests that several host proteins, including ATP synthase subunits, Hin1-like protein, and ubiquitin, are candidates for the components of the 480-kDa complex, although further experiments to confirm the involvement of these proteins in the complex are needed.
We also performed LC/MS/MS analysis of protein bands from SDS-PAGE separations of the affinity-purified RdRP preparations and identified at least 12 proteins. These included RCNMV p27 and p88 replicase proteins, RCNMV CP, heat shock protein 70, heat shock protein 90, HinI-like protein, actin, ubiquitin, and several ribosomal proteins (Fig. 8B) . It should be noted that this preparation contained several proteins that were not detected in a band corresponding to the 480-kDa complex separated on BN/PAGE.
DISCUSSION
This study has shown that RCNMV p27 and p88 replicase proteins, together with possible host proteins, form a tightly membrane-associated protein complex with an approximate FIG. 7 . Identification of the components of the 480-kDa complex. The solubilized membrane fractions prepared from Agrobacterium-infiltrated leaves expressing p27 plus p88-T7 plus RNA2 or p27-FLAG plus p88-T7 plus RNA2 were subjected to affinity purification with anti-FLAG antibody-conjugated agarose beads. (A) The affinity-purified fractions were subjected to BN/PAGE and SDS-PAGE, followed by Western blotting with anti-p27 antisera. (B) The RdRP activity of the affinity-purified fractions was assayed in the absence or presence of RCNMV RNA templates. (C) The affinity-purified fraction prepared from Agrobacterium-infiltrated leaves expressing p27-FLAG plus p88-T7 plus RNA2 was subjected to two-dimensional BN/SDS-PAGE, followed by Western blotting with anti-T7 and anti-FLAG antibodies.
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on July 31, 2017 by guest http://jvi.asm.org/ size of 480 kDa. This complex contributes to the templatedependent RdRP activity that synthesizes RNA fragments by specifically recognizing core promoter sequences located at the 3Ј end of RCNMV genomic RNAs. These data suggest that the 480-kDa complex plays an essential role in RCNMV RNA synthesis. RCNMV RdRP has previously been isolated from RCNMVinfected Nicotiana cleveladii leaves and characterized (2) . Solubilization of the membrane-bound RdRP with dodecyl-␤-Dmaltoside (DoM) followed by chromatography purifications produced an endogenous template-bound RdRP fraction that contained p27, p88, and possible host proteins. Treatment of the template-bound RdRP with MNase converted the RdRP to a template-dependent RdRP that was capable of full-length RNA synthesis when RNA templates were added (2). We used Triton X-100 to solubilize the membrane fractions prepared from RCNMV-infected N. benthamiana tissues. This solubilized membrane fraction contained both an endogenous template-bound RdRP and an exogenous template-dependent RdRP (Fig. 4) . RNA products of both RdRP fractions were full-length and S1 nuclease-resistant RNAs (Fig. 4) . However, we failed to obtain RdRP fractions synthesizing full-length RNAs in a template-dependent manner by sucrose gradient centrifugation, although the endogenous template-bound RdRP still had the ability to synthesize full-length RNAs (Fig. 5C and  D) . Similar results were obtained in the sucrose gradient sedimentation analysis of the DoM-solubilized membrane fractions (data not shown). Furthermore, the FLAG tag-based affinity-purified RdRP fraction also showed endogenous template-bound and template-dependent RdRP activities, which synthesized full-length RNA and RNA fragments, respectively (Fig. 7B) . Together, these results suggest that the failure of these RdRP preparations to synthesize full-length viral RNAs in a template-dependent manner might have been caused by the lack of some factors present in endogenous templatebound RdRP complexes. These factors might have been removed from the replication complexes during the purification processes, including sucrose gradient centrifugation. It should be noted that MNase treatment of our affinity-purified RdRPs did not make the RdRPs capable of synthesizing full-length RNAs. This result is inconsistent with that reported by Bates et al. (2) , possibly due to differences in experimental conditions such as purification procedures and/or differences in the nature of the RdRP preparations. Their preparation contained only FIG. 8 . Identification of proteins copurified with RCNMV RdRP complexes. The solubilized membrane fractions prepared from Agrobacterium-infiltrated leaves expressing p27 plus RNA1-p88 plus RNA2 or p27-FLAG plus RNA1-p88 plus RNA2 were subjected to affinity purification with anti-FLAG antibody-conjugated agarose beads. (A) The affinity-purified fractions were subjected to BN/PAGE and stained with MScompatible silver staining. A protein band corresponding to the 480-kDa complex was excised, subjected to in-gel digestion, and analyzed by tandem mass spectrometry. Proteins that showed Mascot search scores above 30 and that were absent in control protein bands are indicated on the right side of the panel. (B) The affinity-purified fractions were subjected to SDS-PAGE and stained using MS-compatible silver staining. Protein bands of interests were excised, subjected to in-gel digestion, and analyzed by tandem mass spectrometry. Proteins that showed Mascot search scores above 50 and that were absent in control protein bands, and proteins that showed significantly higher scores than control proteins, are indicated on the right sides of the panels. The NCBI accession numbers of the identified proteins are also indicated. Rep, RCNMV replicase proteins.
endogenous template-bound RdRP, whereas ours contained both template-bound and template-dependent RdRPs. The coexistence of template-bound and template-dependent RdRPs may mask the effect of MNase treatment.
In the sucrose gradient sedimentation analysis, both endogenous template-bound and exogenous template-dependent RdRP activities cofractionated with the 480-kDa complexes containing p27 and p88 (Fig. 5 and 7C ). These results suggest that both the endogenous template-bound RdRP and the template-dependent RdRP complexes are associated with the 480-kDa complex. This leaves one question to be addressed: how can endogenous template-bound RdRP complexes synthesize full-length RNAs? If the template-bound RdRP complexes contain full-length RCNMV genomic RNAs, they should be much larger than 480 kDa, because the predicted molecular masses of RNA1 and RNA2 are 1,340 kDa and 500 kDa, respectively. We failed to detect such complexes by BN/PAGE. Hence, we suspect that (i) such complexes were too large to enter the BN/PAGE gel, (ii) the accumulation levels of such complexes were under the detection limits, or (iii) the 480-kDa complexes detected by BN/PAGE analysis were the endogenous template-bound RdRP complexes from which genomic RNAs were released during electrophoresis (12) . The third hypothesis might best explain why the 480-kDa complexes were detected even in relatively high-density fractions such as fractions 10, 11, and 12, as shown in Fig. 5A .
Interestingly, fraction 6 of the sucrose gradients containing the 480-kDa complex exhibited only template-dependent but not template-bound RdRP activity (Fig. 5, lane 6) , suggesting that the 480-kDa complexes retained no endogenous RNA templates. This template-dependent RdRP activity was partial but exhibited marked template specificity (Fig. 6 ). These results suggest that the 480-kDa complex is an RCNMV-specific template-dependent RdRP and that it requires some additional factor(s) to synthesize full-length products. The additional factor(s) required for full-length RNA synthesis could be present in endogenous template-bound RdRP complexes as a result of binding to the endogenous RCNMV RNA templates. In fact, it has been reported that some host-encoded proteins bind to viral RNAs and thereby affect viral RNA replication (10, 23, 56) . For instance, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) preferentially binds to an AU pentamer sequence in the negative-strand RNA of Tomato bushy stunt virus (TBSV) to control asymmetric RNA synthesis (47) . GAPDH is known to bind to AU-rich sequences at the 3Ј terminus of mRNAs to enhance their stability in addition to its central role in cytosolic energy production (3). Thus, it is possible that the 480-kDa complex is engaged in RCNMV RNA synthesis together with some host proteins that bind to RCNMV RNA templates.
HSP70, HSP90, actin, and ribosomal proteins could be candidates that promote full-length RCNMV RNA synthesis, because they were not detected in the 480-kDa complex but were instead associated with the affinity-purified RdRP complexes with FLAG-tagged p27 that could synthesize full-length RNA. For instance, some ribosomal proteins bind to viral genomic RNAs and promote viral RNA replication (21, 23, 33) . HSP70s also play important roles in viral RNA replication (35, 40, 48) . Recently, Wang et al. (48) reported that yeast HSP70 (Ssa1p) is required during the TBSV replicase assembly process but not during RNA synthesis.
Copurification of RCNMV CP with viral RdRP complexes is an interesting finding (Fig. 8B) , although CP is dispensable for RCNMV RNA replication (30, 42) . It is possible that CP was copurified with RCNMV RdRPs via its binding to viral RNAs. Basnayake et al. (1) demonstrated that the trans-activator (TA) element, a multifunctional 34-nt SL structure within the RNA2 MP ORF, is an essential minimal element for RCNMV virion assembly, suggesting binding of CP to the TA element. Also, the TA element serves as a cis-acting replication element (43) and functions in CP sgRNA transcription from RNA1 by base pairing with the TA binding site found within the RNA1 CP subgenomic promoter (41) . These findings, together with that of the copurification of CP with RCNMV RdRP complexes, may imply that CP sgRNA transcription, CP translation, and RCNMV encapsidation occur close to the site for RCNMV RNA replication.
Using coimmunoprecipitation and BN/PAGE analyses, we have shown that p27 interacts with both p27 and p88 ( Fig. 1 ) and that these replicase proteins form the 380-kDa and the 480-kDa complexes (Fig. 2) , suggesting that these complexes are assembled through p27-p27 and p27-p88 interactions. p27 could form the 380-kDa complex in the absence of p88 and viral RNAs (Fig. 2B ). This suggests that the 380-kDa complex is an oligomeric form of p27 or a multiprotein complex that includes p27 and host protein(s). On the other hand, the 480-kDa complex contained both p27 and p88 and was associated with possible host proteins, including ATP synthase subunits, Hin1-like protein, and ubiquitin ( Fig. 7C and 9A) . However, the 480-kDa complex formed by p27-FLAG and p88-T7 in the crude membrane fraction could not be detected by Western blotting with anti-T7 antibody (Fig. 2B and data not shown) . It is possible that it is difficult for the antibody to access the C-terminal epitope in p88-T7 under native conditions. Alternatively, it is likely that the amount of the 480-kDa complex in the crude membrane fraction is not sufficient for detection of the p88-T7 component by Western blotting, probably because only limited amounts of protein samples can be applied to BN/PAGE gels. Consistent with this possibility, we failed to detect p88-T7 when the 480-kDa complex in the crude membrane fraction was resolved by two-dimensional BN/SDS-PAGE (data not shown), although we could detect the protein when the affinity-purified samples were used for BN/SDS-PAGE analysis (Fig. 7C) .
The 480-kDa complex accumulated in BYL when p27 and p88 were produced from capped mRNA with poly(A) in the absence of RNA2 or from a replication-deficient RNA1 mutant (Fig. 2C) . These results indicate that negative-strand RNA synthesis is not essential for the formation of the 480-kDa complex in BYL. It is possible that viral RNA elements in protein-coding regions and noncoding regions other than the 3Ј-terminal SL sequences are involved in forming the 480-kDa complex. This possibility is supported by the findings that the addition of RNA2 or replication-deficient RNA2-dSLF, but not of nonviral RNAs, enhanced the accumulation of the 480-kDa complex in BYL (Fig. 2D) . The 480-kDa complex might be formed at sites other than a core promoter prior to negative-strand RNA synthesis. The similar accumulation levels of the 480-kDa product produced by RNA1 and RNA1-dSLF in VOL. 84, 2010 CHARACTERIZATION OF VIRAL RDRP COMPLEXES 6079
on July 31, 2017 by guest http://jvi.asm.org/ BYL also support this idea. The involvement of RNA elements other than 3Ј-proximal SL sequences in the RdRP complex formation has previously been proposed for BMV, Cucumber necrosis virus, and Alfalfa mosaic virus (34, 36, 37, 46 ). An internal RNA element in a protein-coding region plays an important role in the assembly of the tombusvirus replicase (36) . Tight associations with intracellular membranes seem to be common features of the replicase proteins of positive-strand RNA viruses. Hepatitis C virus NS4B induces the formation of distinct membrane structures, such as membranous webs derived from ER membranes (7, 13) , and Flock house virus protein A induces membranous spherules derived from outer mitochondrial membranes (20, 25) . In the case of BMV, replicase protein 1a induces spherical invaginations or appressed double membranes of ER (38, 39) . Furthermore, 1a recruits 2a polymerase and RNA templates into the 1a-induced membrane structures to establish functional RNA replication complexes (38, 39) . RCNMV p27 and p88 replicase proteins were also tightly associated with membranes as part of the 380-kDa and the 480-kDa complexes (Fig. 3) . Previous studies have shown that RCNMV replicase proteins localize to the ER and that RCNMV infection causes morphological changes in ER membranes, including the formation of large aggregates near the nuclei (44) . Together, the 380-kDa and the 480-kDa complexes are thought to be components of such aggregates, which could be the site for RCNMV RNA replication.
As far as we are aware, this is the first study in which BN/PAGE was applied to investigate the replication complexes of positive-strand RNA viruses associated with intracellular membranes. Our approach revealed that (i) the 480-kDa complex contains RCNMV p27 and p88 replicase proteins and was associated with possible host proteins, (ii) the 480-kDa complex contributes to exogenous template-dependent RdRP activities, and (iii) the 480-kDa complex specifically recognizes RCNMV RNA templates to produce viral RNA fragments. We conclude that the 480-kDa complex is an RCNMV RdRP complex, although it requires an additional host factor(s) for complete functionality in RCNMV RNA synthesis. Furthermore, our study confirms that BN/PAGE, in combination with mass spectrometric analysis, can be a powerful tool to identify and characterize replication complexes of positive-strand RNA viruses.
